ABSTRACT-We investigated the presence of Flavobacterium psychrophilum in the ovarian fluids of female adults (eight rivers) and the fry kidney tissues (nine hatcheries) of chum salmon Oncorhynchus keta in Hokkaido, Japan in 2005. F. psychrophilum was detected by culture in 3.3-90.0% of ovarian fluid at all rivers and 5% of kidney tissue at one hatchery, whereas 33.3-100% and 5.0-42.5%, respectively, at all the sampling sites were positive in nested PCR targeting 16S rDNA of F. psychrophilum. Isolated bacteria were identified by an agglutination assay, the nested PCR assay, biochemical tests and PCR targeting gyrB gene. Intraperitoneal injection with 5.3 ¥ 10 5 to 3.9 ¥ 10 6 CFU of the isolates/g to chum salmon, rainbow trout O. mykiss and masu salmon O. masou juveniles (5.3-6.4 g) resulted in cumulative mortalities of 10-70%, 4-26%, and 20-95%, respectively. These results suggest that the bacterium is widely distributed at high frequency in adult female chum salmon in Hokkaido and virulent to salmonid fishes.
Flavobacterium psychrophilum (Bernardet et al., 1996) is the causative agent of bacterial coldwater disease (BCWD) (Holt et al., 1993) and rainbow trout fry syndrome (RTFS) (Lorenzen et al., 1997) , both of which induce severe loss in aquaculture and resource enhancement of salmonid fish worldwide (Nematollahi et al., 2003) . The pathogen was originally isolated from diseased coho salmon Oncorhynchus kisutch in 1948 in USA (Borg, 1960) and have been detected in clinically infected coho salmon, chinook salmon O. tshawytscha (Rucker et al., 1953) , Atlantic salmon Salmo salar (Cipriano, 2005) , rainbow trout O. mykiss (Bernardet and Kerouault, 1989; Lorenzen et al., 1997) and nonsalmonid fish (Lehmann et al., 1991; Elsayed et al., 2006) . In Japan, BCWD has been reported in diseased coho salmon (Wakabayashi et al., 1991; Kumagai and Takahashi, 1997) , rainbow trout, ayu Plecoglossus altivelis Iida and Mizokami, 1996) and masu salmon O. masou (Amita et al., 2000) . In Hokkaido, Japan, BCWD have been reported in salmonid fish farms including rainbow trout, masu salmon, and coho salmon since around 2000 (Hokkaido Fish Hatchery, 2004) .
Chum salmon O. keta is one of the most important fish species for coastal fisheries in Hokkaido, Japan. Approximately 1.0-1.1 billion chum salmon fry have been released from approximately 110 hatcheries annually since 1980 and adult returns have reached over 30 million fish since mid 1980s in Hokkaido (Watanabe, 1999) . Chum salmon are reportedly susceptible to F. psychrophilum (Holt et al., 1993) , although no incidence of BCWD in chum salmon has been reported so far in Hokkaido. A preliminary study showed that the presence of F. psychrophilum in ovarian fluid samples of chum salmon with no clinical signs in a hatchery in Hokkaido.
The purposes of this study were to: (1) investigate the presence of F. psychrophilum in ovarian fluid and fry kidney tissue of chum salmon; (2) characterize isolated strains; (3) examine virulence of the strains to chum salmon and other salmonid fish.
Materials and Methods

Collection of chum salmon samples
Adult female were collected from eight rivers (River A to River H) and reared at eight river-site hatcheries for a few days. Individual ovarian fluid samples (approximately 1 mL / fish) were collected from 30 randomly selected adult females from each of eight river-site hatcheries in Hokkaido by the method of Yoshimizu et al. (1985) , in which no incidence of BCWD had been reported so far (Table 1) . Individual kidney tissue samples (10 mg/fish) were collected from 20 randomly selected fry (mean body weight 0.9-2.2 g) in eight hatcheries (Hatchery A to Hatchery C, Hatchery E to Hatchery I) and from 40 fry (0.9 g) in Hatchery D. Surface of fry were disinfected by 70% (v/v) alcohol, then incised the abdomen and kidney tissues were collected aseptically. No incidence of BCWD had been reported in the nine hatcheries. These rivers and hatcheries were randomly selected in Hokkaido. The ocean areas, in which these rivers and hatcheries are located, are shown in Table  1 . Ovarian fluid collected in River A to River D and all samples of fry kidney were kept at 4∞C for 1 or 2 days until culture, whereas ovarian fluid collected in River E to River H were kept at -80∞C for 7-14 days until culture. Fourteen strains were isolated and identified as F. psychrophilum in the manner described below (Table 1) .
Bacterial strains and culture
Bacterial strains were cultured on modified Cytophaga agar (CAm) (Wakabayashi and Egusa, 1974) plates (0.2% tryptone, 0.05% yeast extract, 0.02% beef extract, 0.02% sodium acetate, 0.02% calcium chloride, 1.5% agar; pH was adjusted to 7.2) at 15∞C for 5-10 (Table 2) . Thirteen strains and two strains were isolated from ovarian fluid and kidney tissue of chum salmon, respectively. Other nine strains were isolated from kidney tissues of other fish species including ayu, coho salmon, masu salmon, and rainbow trout. Total of 24 strains described above showed a strong and rapid agglutination by rabbit anti-F. psychrophilum strain FPC 840 serum (Kyoritsu Seiyaku, antibody titer 4096).
Comparison among those 27 strains was conducted on biochemical and genetic characteristics described below.
Isolation and identification of bacteria in chum salmon
A 100 mL of ovarian fluid sample or a loop of kidney tissue sample was spreaded on a CAm plate and incubated at 15∞C for 5-10 days. Yellow-pigmented colonies were then subcultured on CAm plates at 15∞C for 5-10 days and examined for slide-agglutination assay using rabbit anti-F. psychrophilum strain FPC 840 serum, a nested PCR assay targeting 16S rDNA, and a PCR assay targeting gyrB gene described below. A strong and rapid agglutination were considered as positive, whereas weak or non-agglutination were considered as negative. Control reaction were conducted using 0.9% NaCl.
Extraction of DNA and RNA DNA were extracted from ovarian fluid samples (100 Table 2 . Flavobacterium psychrophilum strains isolated from salmonid fish species and ayu using modified mL) of adult female, kidney tissue samples (10 mg) of fry, and isolated bacterial cells (1 mL of culture) using Sepa Gene ® Kit (Sanko Junyaku). Extracted nucleic acids were dissolved to Milli-Q ® (Millipore) water and adjusted at the concentration of 100 mg DNA/mL. DNA yield and purity were determined spectrophotometrically by measuring 260 nm/280 nm absorbance ratios.
PCR
A nested PCR targeting 16S rDNA and a conventional PCR targeting gyrB gene (Izumi and Wakabayashi, 2000) were conducted. Briefly, the first round of the nested PCR assay was performed in a 50 mL reaction mixture containing 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 0.4 mM of each primer, 1.25 units of Taq DNA polymerase (Promega) and 1 mL of extracted DNA, using a Gene Amp ® 2400 system (Applied Biosystems). A primer set 20F, 5¢-AGAGTTT-GATCATGGCTCAG-3¢ and 1500R, 5¢-GGTTACCTTG-TTACGACTT-3¢ (Weisburg et al., 1991) were used as the first round primers. Cycling conditions were as follows: preheating at 95∞C for 2 min followed by 35 cycles of denaturation at 95∞C for 30 s, annealing at 51∞C for 1 min, extension at 72∞C for 2 min and an additional extension at 72∞C for 5 min. The PCR products were diluted to 5% with Milli-Q ® water and then used as a template for second round PCR. Second round PCR was performed with a primer set, PSY-1, 5¢-GTTGGCATCAA-CACACT-3¢ and PSY-2, 5¢-CGATCCTACTTGCGTAG-3¢ to amplify the 1089 bp nucleotide long products. Second round PCR parameters were the same as the first round PCR. PCR assay for gyrB gene was conducted using a primer set, PSY-G1F, 5¢-TGCAGGAAATCTTACACTCG-3¢ and PSY-G1R, 5¢-GTTGCAATTACAATGTTGT-3¢ (Izumi and Wakabayashi, 2000) to amplify the 1017 bp products. The parameters of PCR were the same as the PCR assay for 16S rDNA except the annealing temperature (56∞C).
A 10 mL aliquot of the reaction mixture was electrophoresed at 100 V for 30 min in 0.8% agarose gels con- 
Biochemical characteristics
Based on Bernardet et al. (1996) , 24 isolated strains and three reference strains were characterized using the following tests: oxidation/fermentation test, growth on TSA agar (Difco), degradation of starch, esculin, and tyrosine, production of acid from glucose, and production of H 2 S (Table 2) .
Experimental infections
Rainbow trout and masu salmon eggs were artificially fertilized at the headquarters of the Hokkaido Fish Hatchery, and approximately 10,000 fertilized chum salmon eggs were transferred from the Dohoku Branch of the Hokkaido Fish Hatchery. After hatching the fish were reared at a wet laboratory at the headquarters until use. The fish were reared in 60 L tanks supplied with well water at 10∞C and fed a commercial dry pellet at 2% body weight daily until use. Eight strains including two reference strains (NCIMB1947 T and FPC814), two strains (Fp-C and Fp-D) isolated from masu salmon and rainbow trout with clinical signs, two strains (Fp-K and Fp-O) isolated from chum salmon ovarian fluid, two strains (Fp-T and Fp-Z) isolated from chum salmon fry kidney were used in the experimental infections (Table  3) . The bacteria were grown in CBm at 15∞C for 24 h with shaking. The bacterial cells were harvested by a centrifugation at 8000 ¥ g for 5 min, washed twice with cold CBm, and resuspended in CBm to an optical density of approximately 0.1 at 600 nm. For each strain, 20 chum salmon (mean body weight: 6.3 g), 20 masu salmon (5.3 g), and 50 rainbow trout (6.4 g) juveniles were used. Fish were anaesthetized with 0.01% of MS-222 and then injected intraperitoneally (i.p.) with 0.1 mL of the prepared bacterial solution. Fish injected i.p. with 0.1 mL of the cold CBm were used as an uninfected control. After injection, fish were reared separately according to fish species in each 10 L tank at 10∞C for 30 days. Fish were fed a commercial dry pellet at 2% body weight daily. Cumulative mortalities and clinical signs were recorded daily. Kidney and brain tissue samples of dead fish were examined for F. psychrophilum by culture on CAm and colonies were identified in the same manner as describe above.
Results
Detection of F. psychrophilum in chum salmon
Ovarian fluid samples collected at eight rivers, River A to River H, were 33.3-100%-positive in PCR assay for 16S rDNA (Figs. 1A and 2A ) and 3.3-90%-positive in culture ( Fig. 2A) . Detection rate of 16S rDNA was higher than that of culturable cells in all eight rivers. The detection rate of culturable cells was extremely lower than that of 16S rDNA in the samples at River E, River G, and River H.
Fry kidney samples collected at nine hatcheries, Hatchery A to Hatchery I, were 5-42.5%-positive in PCR assay for 16S rDNA (Figs. 1B and 2B ), whereas those collected in Hatchery B were only positive (5%) in culture (Fig. 2B) .
Fifteen strains, including Fp-K, Fp-L, Fp-N, Fp-O, Fp-P, Fp-T, Fp-Z, Fp-0507 to Fp-0514, were isolated and identified by culture followed by agglutination assay, nested PCR assay targeting 16S rDNA and PCR targeting gyrB gene (Tables 1 and 2 ).
Biochemical characteristics
Twenty-four strains, including Fp-A to Fp-E, Fp-K, Fp-L, Fp-N, Fp-O, Fp-P, Fp-T, Fp-W to Fp-Z, Fp-0501, and Fp-0507 to Fp-0514, were negative in growth on TSA agar, degradation of starch and esculin, acid production aerobically from glucose, and were positive in degradation of tyrosine. All strains did not produce H 2 S. In oxidation/fermentation test, no change was observed in all strains (Table 2) .
Experimental infections
Fish began to die 2 days after infection. Cumulative mortalities reached plateau by Day 15 after infection in all 3 fish species. Uninfected controls showed no mortality. All dead fish showed clinical signs including erosion of skin and muscle of abdomen around injected site, pale gills, and splenic hypertrophy and the presence of culturable F. psychrophilum on CAm plates in kidney and brain tissue.
In chum salmon, cumulative mortalities reached 85% and 70% in NCIMB1947
T -and Fp-Z-injected groups, respectively, on Day 30 after infection (Table 3 , Fig 3A) . On the other hand, only 10% of fish died in each Fp-C-and Fp-T-injected groups. Mortalities ranged from 25 to 40% in Fp-D-, Fp-K-, and Fp-Oinjected groups. FPC814-injected fish showed no mortality. In masu salmon, cumulative mortalities reached 90% and 95% in NCIMB1947
T -and Fp-Z-injected groups, respectively on Day 30 after infection (Table 3 , T , type strain; FPC814 and Fp-D, strains isolated from rainbow trout; Fp-C, strain isolated from masu salmon; Fp-K, Fp-O, Fp-T, and Fp-Z, strains isolated from chum salmon. Fig 3B) . Cumulative mortalities in Fp-D-, Fp-K-, and Fp-C-injected groups ranged from 65 to 80%. Fp-Tand Fp-O-injected groups showed low mortalities of 35% and 20%, respectively. FPC814-injected fish showed no mortality.
In rainbow trout, cumulative mortalities reached 74% and 56% in FPC814-and Fp-C-injected groups, respectively, on Day 30 after infection (Table 3 , Fig  3C) . Cumulative mortalities in NCIMB1947
T -, Fp-D-, Fp-K-, Fp-T-, Fp-O-, and Fp-Z-injected groups reached 26% or below.
Discussion
This study shows that F. psychrophilum is present with high frequency in chum salmon adult female with subclinical infection in Hokkaido, Japan. This is the first report on the detection of culturable F. psychrophilum in chum salmon in Japan. Previous studies showed that F. psychrophilum is transmitted both horizontally (Madsen and Dalsgaard, 1999; Garcia et al., 2000; Madetoja et al., 2000) and vertically (Brown et al., 1997; Kumagai et al., 2000; Cipriano, 2005) . Furthermore, F. psychrophilum has been detected in ovarian fluid, skin mucous, and internal organs of salmonid fish with no disease signs (Holt et al., 1993; Madetoja et al., 2002; Madsen et al., 2005) . The presence of F. psychrophilum with high frequency would be potential source of infection to salmonid fish including chum salmon adult female and fry because the pathogen is virulent to salmonid fish juveniles as suggested in this study.
Fifteen strains isolated from chum salmon and nine strains isolated from other fish species with disease signs of BCWD were identified as F. psychrophilum based on positive reactions of the agglutination assay, nested PCR assay targeting 16S rDNA and PCR assay targeting gyrB gene. Those 24 strains were Fp-K, Fp-L, Fp-N, Fp-O, Fp-P, Fp-0507 to Fp-0514 isolated from chum salmon ovarian fluid with no disease signs, Fp-T and Fp-Z from chum salmon fry kidney with no disease signs, and Fp-A to Fp-E and Fp-W to Fp-Y, Fp-0501 from other salmonid juveniles or adult kidney. Biochemical characteristics of those 24 strains proved to be similar to F. psychrophilum (Bernardet and Kerouault, 1989; Bernardet et al., 1996) and three F. psychrophilum reference strains, NCIMB1947
T (type strain), FPC814, and FPC840 in this study. PCR-RFLP analysis of F. psychrophilum strains isolated in chum salmon showed that seven strains isolated from ovarian fluid and one strain from fry kidney were classified into genotype R and six strains from ovarian fluid and one strain from fry kidney tissue were classified into genotype S according to Izumi et al. (2003) as in Table 2 . On the other hand, all strains isolated from other fish species in Hokkaido, including rainbow trout, coho salmon, masu salmon, and ayu, were classified into genotype R except for one strain from masu salmon. Izumi et al. (2003) and Tabata (2004) suggested that significant relationship between PCR-RFLP genotypings and host-fish species. Izumi et al. (2003) reported that over 90% of strains isolated from rainbow trout were classified into genotype R, whereas all strains isolated from masu salmon and cyprinid fish were classified into genotype S. Tabata (2004) reported all stains isolated from pale chub Zacco platypus were classified into genotype S. This is very different from the status in chum salmon. The reason is not clear and further study will be required.
Experimental infections indicate that the pathogen present in chum salmon without any disease signs is potential source of infection to other salmonid fish as well as to the host, which could lead to an incidence of BCWD, and indicate that the strains isolated from other salmonid fish could infect chum salmon to cause the disease. Few reports have been available concerning virulence of the strains isolated from chum salmon and the susceptibility of chum salmon. In this study the infection dose for i.p. injection was 5.3 ¥ 10 5 to 3.9 ¥ 10 6 CFU/g and cumulative mortalities of chum salmon, masu salmon, and rainbow trout juveniles (5.3-6.4 g) ranged from 0 to 85%, 0 to 95%, and 4 to 74%, respectively, depending on the strains. On susceptibility of salmonid fish to F. psychrophilum, Holt et al., (1993) concluded that chum salmon is susceptible to the pathogen, although the details were not shown. Madsen and Dalsgaard (1999) reported that rainbow trout (1-3 g) fry injected i.p. with 7.7 ¥ 10 5 to 1.2 ¥ 10 6 CFU/g of the strains isolated from the same fish species showed cumulative mortalities of 60 to 90%. Moreover, Ekman and Norrgren (2003) reported that rainbow trout (0.74 g), sea trout, Salmo trutta (0.70 g), and Atlantic salmon (0.76 g) fry showed cumulative mortalities of 56.2, 56.4, and 68.8%, respectively, when injected i.p. with 1.3 ¥ 10 7 to 1.4 ¥ 10 7 CFU/g of the strain isolated from Atlantic salmon. Those results indicate that susceptibility of chum salmon to F. psychrophilum is equivalent to those of other salmonid fish species, although outbreaks of BCWD in chum salmon are not confirmed so far in Hokkaido. Considerable one reason is the effect of disinfection because all fertilized egg of chum salmon in Hokkaido are disinfected with povidone-iodine, which has the effect to reduce the F. psychrophilum on the surface of eggs (Brown et al., 1997) . Further quantitative study for 50% lethal dose will be required on the virulence of the pathogen and susceptibility of chum salmon using fish with different body weight. Moreover, other challenge methods including bath infection combination with formalin treatment (stress) conducted in rainbow trout (Madsen and Dalsgaard, 1999; Aoki et al., 2005) and ayu (Miwa and Nakayasu, 2005 ) will also be needed because i.p. injec-tion bypasses the non-specific defence mechanisms located in the skin and may not be an appropriate method of evaluation of the virulence (Madsen and Dalsgaard, 1999) .
